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Abstract
The existence of a quiescent core (QC) in the center of turbulent channel flows was demonstrated
in recent experimental and numerical studies. The QC-region, which is characterized by relatively
uniform velocity magnitude and weak turbulence levels, occupies about 40% of the cross-section
at Reynolds numbers Reτ ranging from 1000 to 4000. The influence of the QC region and its
boundaries on transport and accumulation of inertial particles has never been investigated before.
Here, we first demonstrate that a QC is unidentifiable at Reτ = 180, before an in-depth exploration
of particle-laden turbulent channel flow at Reτ = 600 is performed. The inertial spheres exhibited
a tendency to accumulate preferentially in high-speed regions within the QC, i.e. contrary to the
well-known concentration in low-speed streaks in the near-wall region. The particle wall-normal
distribution, quantified by means of Vorono¨ı volumes and particle number concentrations, varied
abruptly across the QC-boundary and vortical flow structures appeared as void areas due to the
centrifugal mechanism. The QC-boundary, characterized by a localized strong shear layer, appeared
as a barrier, across which transport of inertial particles is hindered. Nevertheless, the statistics
conditioned in QC-frame show that the mean velocity of particles outside of the QC was towards
the core, whereas particles within the QC tended to migrate towards the wall. Such upward and
downward particle motions are driven by similar motions of fluid parcels. The present results show
that the QC exerts a substantial influence on transport and accumulation of inertial particles,
which is of practical relevance in high-Reynolds number channel flow.
∗ Corresponding author:zhaolihao@tsinghua.edu.cn
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I. INTRODUCTION
Suspensions of particles with different inertia in wall-bounded turbulent flows are of fun-
damental significance in both industrial processes and natural phenomena. Particle-laden
flows are common, such as flows in a biomass combustor with pellets, oceanic flows with
planktons and air flows with contaminant dust. The effects of the carrying fluid on the sus-
pended particles are different due to various size, shape and inertia of the particles, giving
rise to a wide range of phenomena needed to be understood. One of key questions, which is
not fully understood, is how inertial particles distribute and transport in inhomogeneous and
anisotropic wall turbulence (Balachandar and Eaton 2010, Eaton and Fessler 1994). An in-
homogeneous spatial distribution of particles in wall-bounded turbulence has been observed
in both the near-wall region and the core region. The concentration in the vicinity of solid
walls, reflecting the inhomogeneous distribution in the wall-normal direction, is caused by
the turbophoresis effect and sweep/ejection events (Guha 2008, Marchioli and Soldati 2002,
Reeks 1983), and has been widely observed and studied both in laboratory experiments and
numerical simulations (Fessler et al. 1994, Fong et al. 2019, Rouson and Eaton 2001). The
uneven particle distribution in the core of wall-bounded turbulence (referred to as prefer-
ential clustering), mainly caused by centrifuging of particles away from rotation-dominant
regions (Fessler et al. 1994), has received considerably less attention.
During the last decade, numerous studies have been devoted to exploitation and un-
derstanding of the mechanisms of preferential particle concentration in near-wall turbu-
lence. Picciotto et al. (2005) examined the distribution of inertial particles in the vicinity
of the wall in turbulent boundary layer flow and discovered that a large proportion of the
particles tends to stay in convergence regions. Sardina et al. (2012) studied turbophore-
sis in wall-turbulence using the particle pair correlation function and found that particles
tend to accumulate in strongly directional and elongated flow structures. In recent years,
preferential concentration in the near-wall region has been explored the effects of gravity
(Nilsen et al. 2013, Yuan et al. 2017) and particle shape (Njobuenwu and Fairweather 2014,
Rabencov and van Hout 2015, Yuan et al. 2018, Zhao et al. 2014). The role played by co-
herent flow structures for particle dispersion has been studied. Bernardini et al. (2013)
investigated the effect of large-scale structures on dynamics of particles in a turbulent Cou-
ette flow and a turbulent Poiseuille flow, observing different spatial distributions due to the
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underlying flow structures. Yang et al. (2017, 2018) studied particle segregation in a turbu-
lent Couette-Poiseuille flow and found that particles of large inertia segregated near both
the stationary wall and the shearless moving wall and exhibited different patterns.
The particle transport is affected by the spatial distribution of particles in the near-wall
region. For instance, particles in wall-turbulence tend to accumulate in low-speed streaks,
which would hinder the transport of particles in the streamwise direction (Eaton and Fessler
1994). Marchioli and Soldati (2002) investigated particle transfer and segregation in a tur-
bulent boundary layer flow and revealed that particles are driven by sweep and ejection
events. The offspring quasi-streamwise vortices trap the particles near the wall, resulting
in preferential concentration. A systematic review of the physics and modeling of particle
deposition and entrainment was summarized by Soldati and Marchioli (2009). Similar par-
ticle translation mechanisms in a turbulent pipe flow were studied by Picano et al. (2009).
Moreover, the translational motion of non-spherical particles in turbulent channel flows was
studied (Challabotla et al. 2015, Marchioli et al. 2010), indicating that the shape of an iner-
tial spheroid has only a weak influence on the translational motion. Gravity, however, has a
non-negligible effect in vertical channel flow for the particles with large inertia, for instance
to increase the flux of particles towards the walls in an upward flow (Nilsen et al. 2013).
Direct numerical simulations (DNSs) of particle-laden wall turbulence become unafford-
able expensive at higher Reynolds numbers. Therefore, the vast majority of earlier numerical
studies of particle-laden flows have been performed at Reynolds numbers way below those
encountered in most practical applications. However, the characteristic flow structures
in wall-bounded turbulence have been observed at moderate and high Reynolds numbers,
such as large-scale motions (LSMs) and very-large-scale motions (VLSMs) (Jime´nez 2012,
Smits et al. 2011). The formation and breakdown of LSMs are of significance in the self-
sustaining process of wall-bounded turbulence (Hamilton et al. 1995). In addition to LSMs
and VLSMs, another kind of typical flow structure named a uniform momentum zone (UMZ)
was discovered by Meinhart and Adrian (1995) and further discussed by de Silva et al.
(2016) in turbulent boundary layer flows at high Reynolds number. Meinhart and Adrian
(1995), utilizing particle image velocimetry (PIV), measured the instantaneous velocity
field and discovered two new structural features. One is large zones with nearly uniform
streamwise momentum and time-varying shape throughout the turbulent boundary flow,
namely UMZs. The other is viscous-inertial layers, which separate these UMZs. Recently,
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Chen et al. (2020) have detected the UMZs in a turbulent pipe flow at Reτ = 500, sug-
gesting that the innermost UMZs show different properties to the others. By applying a
similar method to identify UMZs in turbulent channel flows, Kwon et al. (2014) revealed
that a large core, with high and uniform velocity magnitude, settled in the channel center
and named it quiescent core (QC). A sharp jump in velocity is evident at the QC-boundary
and the peak vorticity at the meandering boundary is therefore much larger than the local
mean vorticity. Subsequently, the structural organization of the QC in a turbulent channel
flow was explored using DNS at Reτ = 930 by Yang et al. (2016). Prograde vortices were
found to dominantly contribute to the total mean shear near the core. Their influence on
the dynamics of inertial particles is likely to be of importance, but not well understood.
Yang et al. (2019) studied the entrainment phenomena of the QC in a turbulent pipe flow
at Reτ = 926 and suggested that the shape of the QC-boundary is related to large-scale
structures of streamwise velocity.
Due to demanding cost of computational resources, only a few numerical studies of in-
ertial particles in wall turbulence at medium Reynolds numbers have been carried out in
recent years. Bernardini (2014) performed one-way coupled simulations of particle-laden
channel flow and examined the Reynolds number effect and Stokes number effect on the
statistical particle distribution in the wall-normal direction. The turbophoretic drift for
particles with intermediate inertia turned out to be independent of the large-scale outer
motions, whereas highly inertial particles responded mainly to the action of the outer-layer
structures. Wang and Richter (2019) recently found that both mean concentration profiles
and particle clustering are influenced by LSMs and VLSMs in an open channel flow at a mod-
erate Reynolds number. In addition, Jie et al. (2019) have recently studied the rotational
motion of tracer spheroidal particles inside and outside of the QC at Reτ = 1000.
Above all, in a traditional Reynolds-averaged view, a turbulent channel flow is divided
in an inner and an outer region, where the inner region obeys the law-of-the wall and the
streamwise velocity is unconditionally time-averaged. However, the aforementioned QC re-
gion identified by Kwon et al. (2014) has instantaneous and dynamic features. The boundary
of the QC is formed by a particularly high shear rate and associated with large-scale flow
structures, which show a significantly greater complexity than the conventional inner/outer-
region description. Therefore, one may naturally ask what kind of roles the typical flow
structures, such as the QC, observed in high-Re wall-bounded turbulence play in particle
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behaviour. Kwon et al. (2014) found that the streamwise velocity changes abruptly near
the QC-boundary, which inevitably results in a strong velocity gradient. Therefore, the
distribution and transport of particles may be influenced. Moreover, since the flow inside
the QC is quiescent, the behaviour of particles inside the QC can be expected to be dif-
ferent compared to the particles in the near-wall region where the flow is characterized by
strong mean shear and highly anisotropic turbulence. More importantly, in practice, the
region of QC is significant in high Reynolds number flows (occupying close to 40% of the
flow field in the present case) and the dominance of the QC further increases at higher
Reynolds numbers. Therefore, it is essential to understand how the particles distribute
and transport in this typical flow region and in the vicinity of this region. In particular,
we are curious to address the following questions: how do particles cluster in the QC and
what is the physical mechanism? Does the presence of a QC affect the particle transport
and, if so, how? Motivated by these yet unanswered questions, a DNS of turbulent channel
flow at Reτ = 600 laden with inertial particles was performed. The 3D Vorono¨ı method
(Monchaux et al. 2010, 2012, Nilsen et al. 2013) was adopted to investigate the clustering of
particles, especially around the QC-boundary. Conditionally sampled statistics both inside
and outside of QC are computed to analyze particle motion in a QC-frame.
II. METHODOLOGY
Spherical particles suspended in a turbulent channel flow are simulated by coupling Eu-
lerian DNS with a Lagrangian point-particle approach.
A. Eulerian fluid phase
In the present work, the fluid inside the channel is an incompressible Newtonian fluid with
density ρ and kinematic viscosity ν. The flow is obtained by solving the mass conservation
and the Navier-Stokes equations:
∇ ·Uf =
∂uf
∂x
+
∂vf
∂y
+
∂wf
∂z
= 0, (1)
∂Uf
∂t
+Uf · ∇Uf = −
1
ρ
∇p+ ν∇2Uf , (2)
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with periodic boundary conditions in the streamwise (x) and spanwise (y) direction and no-
slip conditions at both walls (z denotes the wall-normal direction). In the above equations,
Uf = (uf , vf , wf) is the instantaneous fluid velocity, p denotes pressure and x = (x, y, z)
stands for coordinates in three different directions. The present study considers a sufficiently
dilute suspension of sub-Kolmogorov particles so that one-way coupling can be adopted
without including feedback force term in the momentum equation (2). In the present channel
flow, the friction Reynolds number is defined as Reτ = uτh/ν = 600, where h stands for
the half-channel height and the wall-friction velocity uτ is defined by uτ =
√
τw/ρ using
wall shear stress τw. In the present study, the fluid phase is considered as air and its
kinematic viscosity ν and density ρ are 1.4638×10−5m2/s and 1.225kg/m3, respectively. The
corresponding friction velocity uτ and channel height 2h are 0.2m/s and 0.088m, respectively.
As a result, the viscous length and time scales are δν = ν/uτ and τν = ν/u
2
τ , respectively,
which are used to nondimensionalize physical variables. Hereinafter, the superscript +
denotes variables nondimensionalized by viscous scales.
In this simulation, the computational domain size is 6h × 3h × 2h in the streamwise,
spanwise and wall-normal directions, respectively, with 384 grid points in each direction.
Grid spacings are uniform in homogeneous directions, namely x and y direction, which
gives ∆x+ = 9.375 and ∆y+ = 4.6875. The wall-normal grid spacing is refined near both
walls and ranges from ∆z+1 = 0.143 next to the wall and ∆z
+
c = 5.2876 in the channel
center. The time step is ∆t+ = 0.018. A second-order finite difference scheme is utilized in
the wall-normal direction and a pseudo-spectral method is employed in the streamwise and
spanwise directions. In addition, a second-order Adams-Bashforth scheme is used for time
evolution. The same DNS solver was used in previous studies, e.g. Gillissen et al. (2007),
Mortensen et al. (2008) and Nilsen et al. (2013).
B. Lagrangian particle phase
A Lagrangian particle tracking approach is employed in the present investigation to cal-
culate the location and velocity of spherical particles in the turbulent channel flow. The
governing equations of particle motion are:
dxp
dt
= Up, (3)
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dUp
dt
=
1
τp
(Uf@p −Up)
(
1 + 0.15Re0.687p
)
, (4)
where xp = (xp, yp, zp) denotes the location of a particle, Up = (up, vp, wp) stands for the
velocity of the particle while Uf@p = (uf@p, vf@p, wf@p) represents the local fluid velocity at
particle position. The particle inertia is parameterized as a Stokes number St = τp/τν , in
which τp = ρpd
2
p/18νρf is the particle response time. Rep is the particle Reynolds number
based on particle size dp and relative velocity between local fluid and particle. Here in equa-
tion (4), only the Stokes drag force is included, considering that the particles are much heav-
ier than fluid. In addition, a semi-empirical correction to Stokes drag (Schiller and Naumann
1933) is used to ensure a reasonable drag force when Rep is greater than 1. Note that gravity
is neglected in the present study to highlight the effects of particle inertia and turbulence
on particle dynamics. The gravity, if included, does not influence the qualitative particle
behaviour in a vertical channel flow (Marchioli et al. 2007, Nilsen et al. 2013, Yuan et al.
2017). Periodic boundary conditions are used in both the streamwise and the spanwise
direction. Whereas, collisions between particles and the solid wall are fully elastic.
After the turbulent channel flow is statistically fully developed, eight sorts of inertial
particles with Stokes numbers St = 0.5, 1, 5, 10, 30, 100, 200 and 500 are released into the
flow with random distribution at t+ = 0. The particle properties are given in Table I. The
number of particles is Np = 6 × 10
5 for each kind. The statistical results in Section III are
obtained by averaging over a time-window from t+ = 2610 to 3492.
C. Vorono¨ı volume analysis
Monchaux et al. (2012) summarized various methods for quantifying preferential particle
distributions, such as visualizations, clustering index, box counting methods, correlation di-
mension, pair correlation, Vorono¨ı diagrams and so on. Among these methods, the Vorono¨ı
volume field reflects the local clustering field directly and allows researchers to access statis-
tics along Lagrangian trajectories. Moreover, the variance of the distribution of Vorono¨ı
volumes shows the degree of clustering. A Vorono¨ı cell contains the space which is closer
to the particle than to any other and it is a unique decomposition of 3D space into a 3D
Vorono¨ı diagram. Monchaux et al. (2010) first introduced this method to identify particle
clusters and the method has subsequently been widely used in analyzing particle clustering
7
St Density ratio ρp/ρf Radius a[µm] Radius a
+
0.5 2700 2.12 2.89 × 10−2
1 2700 2.99 4.08 × 10−2
5 2700 6.68 9.13 × 10−2
10 2700 9.49 1.29 × 10−1
30 2700 16.3 2.24 × 10−1
100 2700 29.9 4.08 × 10−1
200 2700 42.2 5.77 × 10−1
500 2700 66.8 9.13 × 10−1
TABLE I: Particle parameters in the present study.
(Baker et al. 2017, Nilsen et al. 2013, Yuan et al. 2018).
To calculate the Vorono¨ı volumes of particles, mirrored ghost-particles are added into
the domain to guarantee that all Vorono¨ı cells of particles near the boundary have closed
boundaries (Nilsen et al. 2013). At each time step, all Np particles inside the computational
domain Lx × Ly × Lz = Vd are considered. First, the domain is extended by 2L in each
direction to [−L, Lx + L] × [−L, Ly + L] × [−L, Lz + L]. Mirrored ghost-particles outside
of the original [0, Lx]× [0, Ly]× [0, Lz] domain are added in the extended domain. Second,
the Vorono¨ı volume of each and every particle in the extended domain is computed (using
the Vorono¨ı function in MATLAB). Finally, the Vorono¨ı volumes of each particle inside
of the original domain are saved for subsequent analyses. The mean Vorono¨ı volume is
Vm = Vd/Np. Hereafter, Vorono¨ı volumes of particles are scaled by the mean volume Vm.
As a consequence, the local distribution of particles is close to a random distribution when
the dimensionless Vorono¨ı volume is about one. Any difference between the mean Vorono¨ı
volume in different flow regions, such as the mean Vorono¨ı volume in different x-y planes,
reflects a non-uniform distribution of particles. While the variance σ2 of the Vorono¨ı volumes
represents the degree of clustering.
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FIG. 1: P.d.f.s of the streamwise modal velocity in turbulent channel flows at (a)
Reτ = 180; (b) Reτ = 600.
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FIG. 2: Comparison of (a) conditional mean streamwise velocity, and (b) conditional r.m.s.
of streamwise velocity fluctuation around the QC boundary in turbulent channel flows at
some different Reτ .
III. RESULTS AND DISCUSSION
A. Detection of the quiescent core
In the present study, the quiescent core of the turbulent channel flow was detected using
the same method as given by Kwon et al. (2014). Firstly, the probability density function
(p.d.f.) of the instantaneous streamwise velocity in an x-z plane is constructed and the
size of the x-z plane is 1.2h × 2h, similar to Kwon et al. (2014). 1.2h is one fifth of the
streamwise length of the present channel. Secondly, the distinct local peaks of the p.d.f.
9
are identified as modal velocities, which were also used to detect the regions with relatively
uniform momentum in turbulent boundary flows by Meinhart and Adrian (1995). Thirdly,
by repeating the above procedure for different x-z planes, a collection of modal velocities
is obtained. The p.d.f.s of the streamwise modal velocity in turbulent channel flows at
Reτ = 180 and Reτ = 600 are calculated and shown in figure 1 for comparison. A prominent
peak is present in the p.d.f. of the modal velocity at Reτ = 600 while there is no obvious
peak in the p.d.f. at Reτ = 180. We have verified that the absence of a prominent peak in
the p.d.f. of the modal velocity at Reτ = 180 is independent of the chosen streamwise length
1.2h used in the present analysis. As pointed out by Kwon et al. (2014), the thickness of
the QC is inversely proportional to the Reynolds number and the discontinuity of the QC
grows as Reynolds number reduces. Therefore, it is reasonable that the QC is insignificant
and difficult to identify at a fairly low Reynolds number, for instance Reτ = 180. According
to former studies by Kwon et al. (2014) and Yang et al. (2016), the peak represents a large
zone with relatively uniform streamwise momentum and low turbulence intensity, namely
the quiescent core (QC). Therefore, Figure 1 indicates the presence of a quiescent core
region in the channel flow at Reτ = 600 while no apparent QC exists at Reτ = 180. The
threshold velocity used to detect the boundary of the QC is uf = 0.95UCL, the same as
that in Kwon et al. (2014) and Yang et al. (2016) in channel flows and in Yang et al. (2019)
in pipe flows, where UCL denotes the mean streamwise fluid velocity at the center line.
The wall-normal location of the velocity threshold uf = 0.95UCL may occasionally be a
multi-valued function due to the local folding of the contour line, as evidenced by figure 3.
Following Kwon et al. (2014) we adopt the concept of enveloped boundaries used earlier by
Westerweel et al. (2002) and Chauhan et al. (2014) to explore the turbulent/non-turbulent
interfaces (TNTIs). The inner enveloped core boundary is assigned the wall-normal position
of the boundary that is furthest away from the wall. In addition, the conditional-averaged
streamwise velocity and conditional root-mean-square (r.m.s.) of the streamwise velocity
fluctuations around the QC-boundary in the turbulent channel flows at Reτ = 600 and at
Reτ = 1000 were calculated and shown in figure 2 so as to verify the detection method of
QC in the present investigation. Data of turbulent channel flow at Reτ = 1000 comes from
the Johns Hopkins Turbulence Databases (Graham et al. 2016, Li et al. 2008, Perlman et al.
2007). Hereinafter, ξ stands for the coordinate axis attached to the QC-boundary, parallel
to the wall-normal direction and pointing to the QC. ξ = 0 represents the location of the
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Reτ 600 1030 2100 3090 3965
µ(tcore)/h 0.695 0.778 0.830 0.846 0.876
σ(tcore)/h 0.291 0.260 0.272 0.278 0.280
TABLE II: The thickness tcore of the QC changes with the friction Reynolds number Reτ .
Data at Reτ = 1030, 2100, 3090 and 3965 are from Kwon et al. (2014). µ(tcore) is the mean
thickness and σ(tcore) is the standard deviation of tcore.
QC-boundary and where ξ > 0 indicates the QC region. The total velocity is decomposed
in the reference frame of the core boundary (QC frame) as in Kwon et al. (2014), namely,
u∗f (x, y, ξ, t) = uf (x, y, ξ, t)− 〈uf (x, y, ξ, t)〉 . (5)
In this decomposition, 〈uf(x, y, ξ, t)〉 stands for the conditional-averaged streamwise velocity
in the QC-frame and the angle brackets represent an averaging operation in the streamwise,
the spanwise direction and in time. u∗f represents the instantaneous fluctuation of uf . As
illustrated in figure 2, the conditional-averaged streamwise velocity is approximately uniform
in the QC, i.e. ξ/h > 0, while a localized shear layer, whose thickness is smaller than 0.1h,
exists around the QC-boundary. In the right panel, conditional r.m.s. of the streamwise
velocity fluctuation remains almost the same and low inside the QC when ξ/h > 0.05, while it
rapidly increases with increasing distance |ξ| from the QC-boundary outside the QC region.
The four lines almost collapse in both figure 2(a) and (b), indicating that the method used to
identify the QC-boundary is adequate also in present study. Moreover, the almost collapse
between the red solid and dashed lines indicates a negligible Reynolds number dependence
of the conditional-averaged streamwise velocity and r.m.s. of streamwise velocity fluctuation
around the QC-boundary in the Reτ range between 600 and 1000.
The thickness of the QC is defined as tcore = zupper−zlower, where zupper and zlower denote
the upper and lower QC-boundaries, respectively. It was first found by Kwon et al. (2014)
that the mean thickness of the QC is close to h, i.e. the half-channel height, and increases
with increasing Reτ . Table II shows the thickness of the QC at different Reynolds numbers.
The results at Reτ = 1030, 2100, 3090 and 3965 are from Kwon et al. (2014). Comparing to
the present result at Reτ = 600, the tendency of thickness versus Reτ remains consistent.
The thickness tcore increases monotonically from about 0.7 at Reτ = 600 to 0.876 at Reτ =
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(a)
(b)
(c)
FIG. 3: Instantaneous distribution of particles in a x-z plane at y+ ≈ 708 with
(a)St = 0.5; (b)St = 30; (c)St = 500 in turbulent channel flow at Reτ = 600. The
background color represents the fluid streamwise velocity and the white lines show the
QC-boundary. Note that the flow field is the same in all plots.
3965, while the standard deviations appear to be Reτ -independent. This indicates that
the QC in turbulent channel flow becomes of greater significance at high Reynolds number
since it occupies a gradually larger flow volume. Moreover, the mean distance between the
center of the QC and the channel centerline is approximately zero. Therefore, the mean
wall-normal distance of the lower QC-boundary is µ(zlower)/h = (h− µ(tcore)/2)/h ≈ 0.65,
namely µ+(zlower) ≈ 390, at Reτ = 600.
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(a)
(b)
(c)
FIG. 4: Instantaneous distribution of particles with (a)St = 0.5; (b)St = 30; (c)St = 500
in the mid plane of turbulent channel flow at Reτ = 600. The background color represents
the streamwise fluid velocity fluctuation and the white lines show the QC-boundary.
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B. Distribution of particles
1. Instantaneous distribution
Instantaneous distributions of particles with different inertia in a streamwise–wall-normal
plane of the channel flow are shown in figure 3, where the white lines stand for the bound-
ary of the QC while black points denote particles. It can be observed that the particle
distribution is more uniform when the Stokes number is either sufficiently small or large,
while clustering of particles is more prominent at intermediate St = 30. Figure 3 also shows
that the QC-boundary occasionally can be surprisingly close to the wall (for instance at
about x+ = 3200). This observation suggests that the fluid and particle dynamics also in
the near-wall region can be influenced by the existence of the QC, which according to the
detection criterion contains high-speed fluid with uf > 0.95UCL. There is also an early ob-
servation by Johansson and Alfredsson (1982) that the streamwise velocity uf varies widely
about its mean 〈uf〉 near a solid wall. In addition, instantaneous distributions of particles
in the channel mid plane at z+ = 600 are presented in figure 4, where the white lines denote
the QC-boundary. In this plane, the flow outside the QC (blue regions) is recognized with
negative streamwise velocity fluctuation. Obviously the particles distributed more randomly
when the Stokes number is either sufficiently small or large, similar to the observations in
figure 3. It should be pointed out that St = 30 particles tend to accumulate in regions
with positive streamwise velocity fluctuations, namely higher streamwise velocity uf , i.e.
opposite of the phenomenon that particles prefer to concentrate in low-speed streaks in the
near-wall region (Marchioli and Soldati 2002).
2. Particle distribution in the quiescent core
It is interesting to observe the accumulation of particles with intermediate St in high-
speed regions in the QC in the channel center. To quantitatively analyze this phenomenon,
p.d.f.s of streamwise fluid velocity fluctuations at particle position are presented in figure
5(a). The squares denote the mean streamwise velocity of fluid in the QC in the channel mid
plane (z+ = 600). The curves representing p.d.f.s of fluid at particle position are all above
the squares. This shows that the particles tend to locate in regions with higher streamwise
velocity and the maximum peak is at St = 100. This reveals that particles with St = 100
14
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FIG. 5: P.d.f.s of (a) streamwise fluid velocity at particle position, and (b) Q of the fluid
at particle position in the QC regions in figure 4. The squares denotes (a) the mean
streamwise velocity, and (b) the Q value of fluid in the QC in the mid plane. The
black-dash-dotted vertical line stands for the value of the velocity threshold 0.95UCL.
have strongest tendency to locate in regions with high streamwise velocity, although this
trend is not very prominent. However, the tendency to stay in high-speed regions at channel
center is most pronounced for St = 30 particles at Reτ = 180 (not shown), which reflects an
implicit Reynolds number dependence due to the enlarged Kolmogorov length scale at high
Reynolds numbers.
In order to better interpret the mechanism of the particles preferential accumulation
in regions of high streamwise velocity, we further examined the second invariant Q of the
velocity gradient tensor, which is defined as:
Q =
1
2
(
‖Ω‖2 − ‖S‖2
)
, (6)
where S = 1
2
[∇Uf + (∇Uf )
⊺] is the strain-rate tensor and Ω = 1
2
[∇Uf − (∇Uf)
⊺] is the
rotation-rate tensor. Considering particles inside the QC in the channel mid plane, figure
5(b) shows the p.d.f.s of Q at particle position, where negative Q represents local high strain
rate and low vorticity. As shown in figure 5(b), the area below a solid or dashed line and
with negative Q is larger than that below the squares. We can therefore infer that particles
tend to reside in the regions with negative Q in the flow field. Moreover, the magnified
figure shows that an inertia effect is present and the trend of curves is non-monotonic in
St. The topmost black-solid line denotes fluid at particles with St = 30, revealing that
intermediate inertial particles are most prone to locate in regions with negative Q than any
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FIG. 6: Conditional-averaged Vorono¨ı volume 〈V 〉 for particles in different regions.
(a)St = 0.5; (b)St = 10; (c)St = 30; (d)St = 500. The blue-dashed lines stand for
conditional-averaged Vorono¨ı volumes of particles inside the QC while the red-dash-dotted
lines represent particles outside the QC. The black-solid lines denote mean volumes of
particles in the entire streamwise-spanwise plane, i.e. an unconditional average.
other inertial particles. This also suggests that the clustering of particles with St = 30 is
the most prominent. Therefore, p.d.f.s of Q reveal that small particles in QC tend to stay
in the regions with high strain rate and low vorticity, similarly to earlier findings in HIT
(Squires and Eaton 1991). This observation also suggests that the physical mechanism of
the preferential clustering in the QC is similar to that in HIT and caused by centrifuging
of particles away from high vorticity regions. More importantly, however, we found that
negative Q-regions correlated with high streamwise fluid velocity in the QC so that the
preferential accumulation in the high-speed regions around the core of channel accelerates
the particle transport in the streamwise direction.
To study the role of the QC on the particle distribution in the wall-normal direction,
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FIG. 7: Concentration profiles 〈c〉 for four different Stokes numbers (a)St = 0.5;
(b)St = 10; (c)St = 30; (d)St = 500. The continuous black line represents the
unconditioned concentration.
conditional-averaged Vorono¨ı volumes for particles in and outside of the QC are shown
in figure 6. Hereinafter, we adopt the term concentration for describing the non-uniform
distribution of particles in the wall-normal direction, for instance the preferential near-
wall concentration, and the term clustering refers to the local spatial distribution in the
channel core region. The inverse of the mean Vorono¨ı volume, averaged over a wall-parallel
slab at a certain wall distance, is proportional to the number of particles in this slab. In
the vicinity of the wall, all black lines are lower than the dotted line 〈V 〉 = 1, which
denotes a random distribution. This means that inertial particles prefer to concentrate
in the viscous layer in wall-bounded turbulence (McLaughlin 1989). Away from the wall,
the wall-normal concentration of particles with low St is close to a random distribution
(see figure 6a), while the mean Vorono¨ı volume of particles with intermediate and large St
is larger than a random distribution, thus indicating a lower particle accumulation. The
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concentration in the logarithmic region (e.g. at about z+ = 100) is lower than that in
the outer layer (Nilsen et al. 2013). The blue-dashed line is lower than the red-dash-dotted
line in figure 6(b-d), revealing that the number of particles inside the QC is higher than
that outside the QC at the same wall distance. Therefore, at a given wall-normal location,
particles prefer to reside in the QC rather than outside the QC. Since particles in the QC
travel faster in the streamwise direction than those outside the QC, the presence of the
QC enhances the streamwise transport of particles in the channel flow. Moreover, both the
mean Vorono¨ı volume in and outside the QC are relatively uniform from z+ ≈ 200 to the
channel center. The probability to locate in the QC attenuates from the channel center to
the wall (Kwon et al. 2014). The black-solid line accordingly approaches the blue-dashed
line at the channel center while the black-solid line and the red-dash-dotted line are almost
overlapping below z+ ≈ 200. Note that particle concentration in the near-wall region has
not yet reached a statistically steady state, especially for those particles with intermediate
inertia (Bernardini 2014, Sardina et al. 2012). A quantitative difference of particle number
in the vicinity of the wall may be expected in the comparison with the case of a steady
distribution. However, because of the relatively large local Kolmogorov time scale near the
QC, which results in low local Stokes numbers, the particle spatial distribution in the central
region reaches a statistically steady state faster than in the near-wall region.
We furthermore examined the wall-normal distribution of the particle concentration in
wall-parallel slabs (as shown in figure 7). The concentration profiles are computed by using
400 uniform slabs in the wall-normal direction. The concentration index c is defined as
c(z+) = Ns(z
+)/Nuni, where Ns(z
+) is the number of particles in the slab at wall-normal
location z+, while Nuni represents the number of uniformly distributed particles with the
same Np. Similarly for the concentration of particles in the QC, c(z
+) = Ns,in/Nuni,in. In
each slab, Ns,in(z
+) is the number of particles in the QC while Nuni,in denotes the number
of particles in the QC in a uniformly distributed case. The statistics are consistent with
the observations made from figure 6 that the number of particles inside the QC is higher
than that outside of the QC for particles with intermediate inertia. Note that the red and
blue profiles are conditional-averaged by QC. The red profile, which represents the particle
distribution outside the QC, extends all the way to the center, thereby revealing that the
discontinuity of QC occurs even in the channel center.
The flow features in and outside the QC region are quite different and an abrupt change
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FIG. 8: (a) Conditional-averaged Vorono¨ı volume of particle Vorono¨ı cells around the
QC-boundary. (b) Conditional r.m.s. of non-dimensional Vorono¨ı volume fluctuation
around the QC-boundary. Here, the Vorono¨ı volume is nondimensionalized so that V = 1
represents a random distribution (the same as the particles’ initial condition).
of flow features is observed near the QC-boundary (Kwon et al. 2014, Yang et al. 2016).
For example, the streamwise velocity 〈uf〉 changes rapidly near the QC-boundary, as shown
in figure 2(a), and this results in a local peak of the spanwise vorticity (Kwon et al. 2014,
Yang et al. 2016). In the present context, the QC-boundary is expected to influence the
distribution of inertial particles. Therefore, three-dimensional volumes of particle Vorono¨ı
cells are calculated to quantify the particle distribution. The conditional-averaged Vorono¨ı
volume and conditional root-mean-square of Vorono¨ı volume in the QC frame are plotted
in figure 8. Figure 8(a) indicates that the number of particles in −0.2 ≤ ξ/h ≤ 0.2 are
all lower than those of the initial random distribution. The particle distribution in the QC
is nearly constant and independent of the location ξ, while an abrupt reduction appears
near the boundary for intermediate St particles. For particles with St ≥ 10, the mean
Vorono¨ı volume 〈V 〉 outside the QC is larger than that inside the QC, which is consistent
with the particle accumulation in and outside the QC in figure 6. These particles prefer to
locate in the QC rather than outside the QC in the present QC frame. The r.m.s. value of
the Vorono¨ı volume fluctuations in figure 8(b) shows the variance of Vorono¨ı cells in a wall-
parallel slab and thus reflects the degree of spatial particle clustering in the slab (Nilsen et al.
2013). Except the black-dashed line (St = 0.5), the other solid lines and the dashed lines
are different from the dotted line, which represents a random particle distribution, thereby
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revealing that clustering exists for all these sorts of particles with St > 0.5. The topmost
line is the black-solid line, which means that local clustering close to QC-boundary is most
prominent for particles with St = 30. Moreover, it is observed that the r.m.s.s change
only slightly across the QC-boundary. However, the tendency of local clustering of particles
depends on the Stokes numbers such that the clustering degree of particles with St ≤ 10
slightly attenuates while those with St ≥ 30 increase slowly with ξ.
The p.d.f.s of three-dimensional Vorono¨ı volumes in different sections in the QC frame
are shown in figure 9, in which the black circles stand for the p.d.f. of Vorono¨ı volumes of
randomly distributed Vorono¨ı cells (Ferenc and Ne´da 2007). The differences between the
circles and the lines reveal the degree of clustering in a slab of ξ. The clustering of St = 30
particles is most distinct while the clustering of St = 100 particles becomes significant with
increasing ξ. The black-dashed line and the black circles almost collapse because the inertia
effect becomes negligible for St = 0.5 particles. The green-solid line is quite close to the black
circles due to the strong inertia effect of the St = 500 particles. These ballistic particles are
more likely to ignore small-scale fluctuations of the fluid velocity. Figure 9(a) and (b) show
the p.d.f.s of Vorono¨ı volumes outside the QC, while figure 9(d) and (e) show the p.d.f.s
inside the QC. The curves for the same St in figure 9(a) and (b) are different when V is
small. However, the plots in figure 9(d) and (e) are almost identical, indicating that the
particle distribution in the QC seems to be independent of the actual location ξ. In the QC,
flow properties, such as mean spanwise vorticity and shear stress, remain nearly constant
as ξ changes (Kwon et al. 2014). This tends to make the distribution of these p.d.f.s in the
QC almost identical.
According to figures 6 and 8 we observed that more particles accumulate in the QC than
outside the QC. We suspect that the presence of the QC boundary hinders the transport
of particles and induces an uneven distribution of particles in and outside of the QC. We
interpret this observation as follows: In the QC-frame Yang et al. (2016) demonstrated that
there is a local maximum of the densities of prograde and retrograde vortices near the
boundary of a QC, which is associated with large-scale flow structures and characterized
by large-scale bulges and valleys (Yang et al. 2019). More specifically, the QC consists
of uniform momentum separated from the wall region by shear layers with sharp velocity
gradients (Kwon et al. 2014), which, we anticipate, may affect the transport of particles
because of a centrifuging effect induced by the shear.
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FIG. 9: P.d.f.s of Vorono¨ı volumes of particles in five different sections in the QC frame. (a)
ξ+ : [−120,−110]; (b) ξ+ : [−65,−55]; (c) ξ+ : [−5, 5]; (d) ξ+ : [55, 65]; (e) ξ+ : [110, 120].
Therefore, we plot an instantaneous distribution of particles with St = 30 in a x-z plane,
background colored by the spanwise vorticity ω+y (see figures 10a and 10b). Prominent
spanwise vorticity is shown inside the two black-and-white-dashed circles in figure 10(b),
and particles are rarely located inside the circles. Outside of the circles, however, there are
a few particles locate around the QC-boundary. The particles apparently prefer to avoid
regions with high spanwise vorticity. On the other hand, the local snapshot of the particles’
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FIG. 10: Instantaneous distribution of particles with St = 30 in a x-z plane at y+ ≈ 703.
The background color represents (a,b) spanwise vorticity ω+y , and (c) Q value of fluid
velocity field. The black lines show the QC-boundary. Both (b) and (c) are local snapshots
of the black-and-white-dashed rectangular area in (a). A black point stands for a particle
and the bar connected with the point shows the magnitude of wall-normal velocity
relatively. A red bar denotes positive wall-normal velocity while a blue bar represents
negative one.
location and movement is also shown in figure 10(c) but the background color shows the
instantaneous Q-value of the fluid velocity field. Red regions show the flow areas with high
vorticity but low strain rate, while blue regions represent the flow with high strain rate but
low vorticity. High Q-values in the red regions in figure 10(c) is mainly caused by high
spanwise vorticity in figure 10(b). As a consequence, particles tend to avoid regions with
vortices, namely the regions with high Q, around the QC-boundary. The presence of strong
vortices around the QC-boundary hinders the wall-normal transport of particles and the
QC-boundary acts as a barrier.
Figure 11 shows the instantaneous distribution of particles with St = 30 in a y-z plane.
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FIG. 11: Instantaneous distribution of particles with St = 30 in a y-z plane at x+ ≈ 1594.
The background color represents (a) spanwise vorticity ω+y , and (b) Q value of fluid
velocity field. The black lines show the QC-boundary. A black point stands for a particle
and the bar connected with the point shows the magnitude of wall-normal velocity. A red
bar denotes positive wall-normal velocity while a blue bar represents negative one.
The two circles in panel (a) display regions with high negative spanwise vorticity, which
contributes to the red regions in panel (b). Vorticity rather than strain rate is dominant in
these red regions. Particles are rarely found inside these two black-and-white-dashed circles,
which suggests that inertial particles with St = 30 are trying to avoid vortices, as observed
also in figure 10.
To quantitatively examine the barrier effect of the QC boundary, conditional-averaged
spanwise vorticity and Q of the fluid at the particle positions around the QC-boundary are
computed and presented in figure 12(a) and (b), respectively. As shown in figure 12(a),
there is a distinct peak of fluid spanwise vortictiy (the black squares) at the QC-boundary,
which is expected since there is an abrupt change of streamwise velocity in figure 2(a). The
lines with St < 100 are below the black squares around the QC-boundary, suggesting a local
preferential concentration of these particles in regions with lower vorticity. These phenomena
can also be seen in figure 12(b). The green solid line, representing St = 500 particles, and
the black squares almost collapse because of the nearly random distribution of particles at
ballistic Stokes number. All other lines are lower than the black squares, revealing that
particles tend to accumulate in regions with relatively high strain rate and low vorticity,
inducing that the local mean value of Q at particle position is lower than the mean value of
the unconditioned Q. The local peaks of Q and ω+y of the fluid flow are consistent with the
instantaneous Q-field in figures 10 and 11. Around the QC-boundary, the lines of particles
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FIG. 12: (a) Conditional-averaged spanwise vorticity ω+y of fluid at particle position and
ω+y of fluid around the QC-boundary. (b) Conditional-averaged Q of fluid at particle
position and Q of fluid around the QC-boundary. (c) Conditional-averaged Q inside the
QC (the blue-dashed line) and that outside the QC (the red-dashed-dotted line) versus
wall-normal distance z+.
with intermediate inertia (e.g. St = 5, 10, 30) are quite lower than the black squares, thereby
suggesting that particles tend to avoid vortices around the QC-boundary, as visualized in
figures 10 and 11.
Furthermore, the conditional-averaged Q of the fluid velocity within and outside of the
QC are compared (see figure 12c). Since the channel center occasionally can be out of the
QC, the red-dash-dotted line is not overlapping with blue-dashed line. From z+ = 200 to
z+ = 600, the red-dash-dotted line is always above the blue-dashed line, suggesting that
there are more vortices outside the QC than within the QC even at the same wall-normal
position. The blue-dashed line is consistently below zero, revealing that strain rate rather
than rotation rate is dominant in the QC. Since inertial particles tend to accumulate in
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FIG. 13: (a) Conditional-averaged Kolmogorov time scale τ+η versus ξ/h around the
QC-boundary (the squares) and the unconditioned Kolmogorov time scale versus
wall-normal distance z+ (the black triangles). (b) Conditional-averaged local StK based on
the local Kolmogorov time scale around the QC-boundary.
regions with low vorticity but high strain rate, more particles are found in the QC rather
than outside of it at a given wall-normal distance, as shown in figures 6 and 8.
The Q-value of the fluid velocity field at particle positions is the smallest for St = 5 or 10
particles (see figure 12b). The spanwise fluid vorticity ωy at particle positions for particles
with St = 5 and St = 10 is also lowest. This is related to the local StK , which is the Stokes
number based on the local Kolmogorov time scale τη =
√
ν/ǫ, where ǫ denotes the energy
dissipation rate. Note that StK = τp/τη = St/τ
+
η shows the relationship between the two
Stokes numbers. The conditional-averaged Kolmogorov time scale τ+η versus ξ/h around
the QC-boundary is plotted in figure 13(a), together with the unconditioned Kolmogorov
time scale versus the wall-normal distance z+. The conditional-averaged StK for different
particles are shown in figure 13(b). As indicated in table II, the mean wall-normal distance
of the lower QC-boundary is µ+(zlower) ≈ 390. Hence, the center of the upper abscissa is set
as z+ = 390 in figure 13(a). The time scale versus z+ increases monotonically and its value
is not much different from the conditional-averaged τ+η versus ξ/h. As shown in the figure,
ξ/h = 0.2 or (ξ/h)+ = 120 locates close to channel center. The local dip of the squares
around ξ = 0 in figure 13(a) corresponds to the local maximum of the turbulent dissipation
rate ǫ around the QC-boundary, which results in the modest local peak in figure 13(b). StK
of particles with St = 5 and 10 are of order 1, which means that the response time of these
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FIG. 14: Conditional-averaged streamwise velocity of (a) particles, and (b) fluid at particle
positions in the QC frame. Note that the squares in both figures represent the
conditional-averaged streamwise velocity of the flow.
two classes of particles are close to the local Kolmogorov time scale, namely the scale of the
smallest turbulent eddies.
It should be noted that clustering near QC-boundary is most prominent for particles
with St = 30, corresponding to StK ≈ 1 ∼ 3, as shown in figure 13(b). This is consistent
with previous findings that clustering of particles is most prominent when StK ≈ 1 in HIT
(Eaton and Fessler 1994, Monchaux et al. 2010). However, the Stokes number of particles
with the lowest Q+f@p is about 5 or 10 according to figure 12, i.e. relatively different from
the case of St = 30. This may suggest that one can not just use the local StK and mean
Q+f@p to distinguish the clustering degree of particles in regions where the mean shear is
nonnegligible outside of QC.
C. Translation of particles in the QC frame
As mentioned earlier, the unique characteristics of the flow around the QC-boundary can
influence both particle distribution and transport. The latter is discussed in this subsection.
First of all, the conditional-averaged streamwise velocity of particles and fluid at particle
location around the QC-boundary are computed. As shown in figure 14(a), an abrupt jump
of the fluid velocity appears near the QC-boundary, while inside the QC the streamwise
momentum remains relatively uniform (Kwon et al. 2014, Yang et al. 2016). The streamwise
velocities of particles with St ≤ 30 are close to that of the fluid, although small discrepancies
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FIG. 15: Conditional-averaged wall-normal velocity of (a) particles, and (b) fluid at
particle positions in the QC frame.
of the velocity around the QC-boundary exist. However, for particles with St > 30, an
obvious inertia effect is present and leads to differences of profiles, revealing that heavy
particles do not respond to the presence of the QC-boundary and their streamwise velocity
increases smoothly with increasing ξ. Ballistic particles St ≥ 100 simply ignore the local
shear layer at ξ = 0 and the velocity gradient ∂up/∂z is smeared out. The streamwise
fluid velocity at particle position and that of fluid are compared in figure 14(b). There are
slight differences which reflect the particle preferential accumulation. For example, in the
QC (ξ > 0), the solid lines and the dashed lines are slightly higher than the black squares,
indicating that particles in the QC tend to reside in regions with positive streamwise velocity
fluctuations. However, this tendency is quite modest in figure 14(b).
The conditional-averaged wall-normal velocity of particles and fluid at particle position
around the QC-boundary are presented in figure 15. Figure 15(a) shows that the wall-
normal velocity of the fluid, represented by the black squares, is greater than zero when
ξ < 0 while less than zero when ξ > 0, which indicates that on average fluid outside the QC
prefers to move away from the wall while fluid above QC-boundary moves toward the wall.
The same phenomenon of upward and downward motions (referred to as in the lower half
of channel) has been observed by Kwon et al. (2014) and Yang et al. (2019). The upward
motion taking place outside the QC may be caused by the flow structures originating from
the wall, while the downward motion may be owing to the core flow drifting towards the wall
(Hunt and Morrison 2000). Similar upward motions outside the QC and downward motions
inside the QC are observed for inertial particles, but the magnitudes of particles’ wall-
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FIG. 16: Conditional r.m.s. of streamwise velocity fluctuations of (a) particles, and (b)
fluid at particle position in the QC frame.
normal velocity are all lower than that of the fluid, due to the effect of inertia. Particles
with smaller Stokes number move faster in the QC frame because they behave more like
tracers. In most part of the QC-frame, the absolute value of wall-normal fluid velocity is
greater than that of particles. Particles tend to be entrained by fluid upward and downward
motions. It should be pointed out that particles with intermediate inertia at St = 10 and
30 show local peaks near ξ = 0. In figure 15(b), the wall-normal velocities of the fluid at
the particle position vary non-monotonically with Stokes number, showing different degree
of particle preferential clustering. One should note that these findings of particle behavior
are on the basis of conditional averages in the QC-frame. Because of the dynamic feature
of the meandering QC boundary, the upward motion outside the QC and downward motion
inside the QC do not lead to a local maximum particle concentration in the conventional
statistics in the inertial frame.
Furthermore, figure 16 presents conditional r.m.s. of streamwise velocity fluctuations of
particles and fluid at particle position around the QC-boundary. The superscript ∗ denotes
fluctuations of variables in the QC frame. It is apparent that the streamwise velocity fluctu-
ations of all particles are greater than that of fluid due to inertia. The streamwise velocity
fluctuations are similar for low Stokes number particles and for the fluid. With increasing
Stokes number, the discrepancy between particle and fluid streamwise velocity fluctuations
appears firstly outside the QC and subsequently around the QC-boundary and within the
QC. In figure 16(b), the streamwise fluid velocity fluctuations at particle position remain
almost the same as that of the fluid. However, the fluid velocity fluctuations at particle posi-
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FIG. 17: Conditional r.m.s. of spanwise velocity fluctuations of (a) particles, and (b) fluid
at particle position in the QC frame.
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FIG. 18: Conditional r.m.s. of wall-normal velocity fluctuations of (a) particles, and (b)
fluid at particle position in the QC frame.
tion are greater than those of the fluid, especially for intermediate Stokes number particles,
revealing a high-level clustering of particles outside the QC. As a result, particles outside
the QC tend to accumulate in regions with negative streamwise fluid velocity fluctuations.
Figure 17 and 18 display the conditional r.m.s. of the spanwise and the wall-normal
velocity fluctuations, respectively, of particles and fluid at particle position around the QC-
boundary. It can be seen that the spanwise and the wall-normal velocity fluctuations of
all particles are smaller than those of the fluid, which is different from the fluctuations in
the streamwise direction. The inertia effect attenuates fluctuations in the spanwise and the
wall-normal direction monotonically with increasing Stokes number. However, there is not
an abrupt jump of fluctuations across the QC-boundary. The discrepancy between the fluid
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FIG. 19: Conditional-averaged (a) streamwise, and (b) wall-normal slip velocity around
the QC-boundary.
and fluid at particle position velocity in figures 17(b) and 18(b) is slight, but the black line
(St = 30) suggests a higher clustering degree for intermediate Stokes number particles, since
the difference between the r.m.s. of fluid velocity and the r.m.s. of fluid velocity at particle
position is most prominent at St = 30.
Figure 19 shows the conditional-averaged streamwise and wall-normal slip velocity in the
QC frame. It is striking that the sign of streamwise slip velocity change from negative to
positive across the QC-boundary for St ≥ 30, as shown in figure 19(a). Statistically, this
suggests that particles with large inertia are accelerated by fluid in the QC while those
outside the QC are likely to be decelerated by the surrounding fluid in the streamwise
direction. Moreover, the results in figure 19(a) indicate that the QC plays an important role
on the inertial particle transport in the flow direction and it tends to contribute to ∂up/∂z.
This trend is most prominent for St = 500, whereas the effect is small for St < 30.
A similar situation occurs in the wall-normal direction as well. Particles with large Stokes
numbers are driven by the fluid toward the QC-boundary in the wall-normal direction while
the particles located in QC are pushed toward the wall due to the negative slip velocity.
Here, again, the QC is found to be of importance on the particle migration in the wall-
normal direction. Low inertia particles behave more like tracers so that the streamwise and
wall-normal slip velocities are relatively small. We deduced that the upward and downward
fluid motions are the underlying reason for these phenomena.
The scatter of streamwise and wall-normal fluid velocity fluctuations around the QC-
boundary is shown in figures 20(a) and (b). The scatter plot in figure 20(a) is broader than
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FIG. 20: Scatter plots of fluid velocity fluctuations at (a) ξ/h = −0.1, and (b) ξ/h = 0.1;
and the scatter plots of particle velocity fluctuations with St = 200 at (c)
ξ/h ∈ [−0.108,−0.092], and (d) ξ/h ∈ [0.092, 0.108].
that in figure 20(b), which means that the velocity fluctuations outside the QC is more
intensive than inside the QC, i.e. consistent with figures 16(b) and 18(b). The percent-
ages in these figures show the proportion of fluid fluctuations in the different quadrants.
The distinct asymmetry of the scatter plot in figure 20(a) suggests a substantially negative
correlation between w′f and u
′
f , i.e. a significant Reynolds shear stress. The proportion of
flow with positive wall-normal velocity fluctuations in figure 20(a) is about 56%, i.e. greater
than 50%, thus indicating dominance of upward motions of flow outside the QC. While the
proportion of flow with negative wall-normal velocity fluctuations in figure 20(b) is about
59%, reflecting downward motions of flow in the QC. As a consequence, the translation of
particle shows similar upward and downward motions, as shown in both figure 15(a) and
figure 20(c,d). Interestingly, the scatter plots of fluid in the QC frame, on the other hand,
show the dominance of scatters in the first quadrant (29.37%) outside of QC and of the
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third quadrant (31.47%) inside of QC, which outrules the correspondence with near-wall
sweep and ejection, referred to as the fourth quadrant event and the second quadrant event,
respectively (Kim et al. 1987).
Figure 20(c) shows the scatter of particle velocity fluctuations with St = 200 outside the
QC while figure 20(d) shows the same inside the QC. The spreading of the scatters in figure
20(c) is much smaller than in figure 20(a), revealed that the upward motion of flow is more
dominant than that of the particles. This is consistent with the positive wall-normal slip
velocity outside the QC in figure 19(b). Likewise, the downward motion of the flow inside
the QC is stronger than that of the particles, thereby resulting in a negative wall-normal
slip velocity in the QC in figure 19(b).
IV. CONCLUDING REMARKS
In present work we examined particle behavior influenced by the QC of a turbulent
channel flow at Reτ = 600 by means of one-way coupled direct numerical simulation. The
QC, which plays important role in the spatial distribution and transport of particles, is only
detected in medium and high Reynolds and not prominent at Reτ = 180. Moreover, we
believe that the observations of influence of QC on particle dynamics in the present study
are also valid in turbulent pipe flows (Yang et al. 2019).
The present results, first of all, show that the inertial particles tend to reside in high-speed
regions in the QC, which is opposite to the preferential accumulation of inertial particles in
low-speed regions in the vicinity of walls. We found that the underlying mechanism behind
particle’s preferential clustering in the QC is to stay in low vorticity region similar to earlier
findings of inertial particles in HIT (Eaton and Fessler 1994). The first key message that
we would like to convey is that the preferential accumulation in the high-speed region in
the QC accelerates the streamwise particle transport, which becomes more significant when
one considers that the QC becomes gradually dominant in realistic high-Reynolds-number
flows. More importantly, we found that inertial particles tend to avoid the region of vortices
around the QC-boundary, which is a shear layer with sharp gradient of velocity, due to
the centrifugal mechanism. Therefore, the second key finding of the present study is that
the QC-boundary can be regarded as a barrier that hinders the wall-normal transport of
particles.
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Furthermore, the mean velocity and velocity fluctuations of both particles and fluid at
particle position are examined in the QC frame. We observed an abrupt jump of the stream-
wise particle velocity across the QC-boundary for particles with small and intermediate
Stokes numbers. Interestingly, the particles in the QC tend to drift to the wall while those
outside the QC tend to migrate towards the channel center, as shown in figure 10, which
is actually due to the fluid upward and downward motions in and outside of QC that have
been observed by Kwon et al. (2014) in channel flow and Yang et al. (2019) in pipe flow.
Conditional-averaged slip velocities in the streamwise and wall-normal direction show that
there is a sudden change of direction of Stokes drag near the QC-boundary in both direc-
tions. Particles in QC tend to be accelerated by the fluid in the streamwise direction while
those outside of QC are more likely to be decelerated by fluid. Therefore, QC boundary at
ξ = 0 represents a transition region between particle acceleration and deceleration.
Considering that the QC region occupies around 50% of the channel in more realistic
high Reynolds number wall turbulence and that the thickness of the core increases with
increasing Reynolds number (Kwon et al. 2014), it is, therefore, of importance to advance
our understanding of the role played by the QC in particle dynamics. The present work
shows the influence on particle distribution and transport due to the presence of the QC in
a turbulent channel flow. However, there are more remaining open questions, such as how
would the QC be modulated by considering the feedback of the inertial particles? What is
the Reynolds number effect on the particle behaviour in the QC region? These interesting
questions are awaiting for exploration in future work.
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